Abstract. Laryngeal squamous cell carcinoma (LSCC) is currently a serious public health problem in China; thus, it is urgent to identify effective treatment strategies for this disease. Previous studies demonstrated that reactive oxygen species (ROS) serve important roles in the apoptosis of LSCC cells. It has also been indicated that carboplatin (CBDCA), a second-generation platinum compound with broad antineoplastic properties, is able to induce oxidative stress to produce ROS, which in turn promotes apoptosis. Thus, the present study investigated if CBDCA is cytotoxic in LSCC cells due to the oxidative stress caused by ROS. Therefore, an MTT assay was performed to determine the cell viability of HN-3 LSCC cells following treatment with different doses of CBDCA. Subsequently, the expression levels of ROS and the rate of apoptosis/necrosis were evaluated in the cells. Following this, the HN-3 cells were co-treated with CBDCA and glutathione (GSH) or H 2 O 2 , followed by an MTT assay, a cell migration assay and western blot analysis. The results demonstrated that CBDCA reduced the viability of HN-3 cells in a time-and dose-dependent manner and promoted the production of ROS and apoptosis at certain doses. Additionally, the combination treatment of CBDCA and H 2 O 2 enhanced the inhibitory effects of CBDCA on cell viability and migration ability, and promoted apoptosis in HN-3 cells; whereas the combined treatment of CBDCA and GSH exerted opposite effects. The results of the present study demonstrated that CBDCA promotes the apoptosis of HN-3 cells through accumulation of ROS, which may provide a novel treatment strategy for treating LSCC.
Introduction
Laryngeal carcinoma (LC), the second most common type of head and neck cancer, is currently a serious public health problem in China (1, 2) . Among its subtypes, laryngeal squamous cell carcinoma (LSCC) accounts for 95-98% of LC cases, signifying that LSCC has become a public health problem globally (1) (2) (3) (4) . Additionally, the American Cancer Society demonstrated that the incidence and mortality rate of LSCC are gradually increasing annually in USA (5) . Therefore, it is of notable importance to develop more effective treatment strategies for this disease. The traditional and standard therapy for LSCC is a combination of surgery and chemotherapy or radiotherapy, but the clinical outcome has not demonstrated notable improvement in patient survival rates, despite advancements in treatment methods (6, 7) . The low survival rate may be due to the strong migration ability of LSCC cells, which can result in recurrence and metastasis (8) .
Numerous previous studies have demonstrated that reactive oxygen species (ROS) serve important roles in the development of a number of cancer types, including colorectal, breast, oral, gastric, colon, cervical and prostate cancer, and particularly in LSCC (9) (10) (11) (12) (13) (14) (15) . However, the excessive accumulation of ROS can cause cancer cell apoptosis and necrosis, resulting in antitumor effects in these cancer types (9, 12, 14) . Therefore, it may be possible to utilize the dual effects of ROS to develop an effective therapeutic method for LSCC. For example, our research group reported that the excessive production of ROS triggered by 9-hydroxypheophorbide (9-HPbD) causes endoplasmic reticulum stress and oxidative stress, which promotes the apoptosis of human LSCC HN-3 cells (16) . Additionally, it was determined that the combined treatment of CBDCA and 9-HPbD with reducing effective dosage of the anticancer drugs exhibited significant cytotoxicity in LSCC cells with a limited number of side effects and low toxicity in normal cells (17) . A study by Baek et al (18) demonstrated that ROS induced by ascorbic acid resulted in the activation of the protein kinase C signaling pathway and cytosolic calcium signaling, causing the necrosis of Hep2 LSCC cells.
Carboplatin (CBDCA) is a well-known second-generation platinum anticancer drug that has been frequently used to treat various cancer types, including bladder cancer and malignant melanoma, due to its broad-spectrum anticancer properties and low cost (19) . Additionally, it has reduced toxicity in the ear, kidney and nervous system compared with first-generation drugs, including cisplatin. Due to its toxicity to the kidney and ear, and numerous side effects, including emesis, nausea and cumulative myelosupression, as well as its low tolerance for long-term use (20, 21) , it is commonly used in combination with radiotherapy or surgery for cancer treatment (22, 23) . The molecular mechanisms underlying its antitumor effects depend upon binding to DNA in the nucleus, which blocks DNA synthesis, causing apoptosis or necrosis (24) . However, Cheng et al (25) reported that CBDCA could also induce oxidative stress to produce ROS, which in turn promoted apoptosis in cardiomyocytes. Based on these results, it was postulated that CBDCA is cytotoxic in LSCC cells due to the oxidative stress caused by ROS, which promotes cancer cell apoptosis. Additionally, one previous study demonstrated that the generation of ROS upon the treatment of LSCC cells with CBDCA to some extent, but further direct evidence is required (26) .
In the present study, it was determined if CBDCA had antitumor effects in LSCC cells and the underlying molecular mechanisms were assessed. Therefore, the viability, expression of ROS, and degree of apoptosis or necrosis in HN-3 cells were evaluated following treatment with various doses of CBDCA. HN-3 cells were also treated with CBDCA combined with glutathione (GSH) or H 2 O 2 , following which their viability, migration ability and apoptosis were evaluated.
Materials and methods

Materials.
The HN-3 cell line was obtained from the Asan Medical Center (Seoul, South Korea) (27) . Hoechst 33342 dye, MTT and propidium iodide (PI) were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). CBDCA was purchased from Selleck Chemicals (Houston, TX, USA). Antibodies against cleaved caspase-3 (rabbit, cat. no. AB3623), cleaved poly(ADP-ribose) polymerase (PARP; rabbit, cat. AB3620) were purchased from Merck KGaA (Darmstadt, Germany); goat anti-epidermal growth factor receptor (EGFR; cat. no. sc-03-G; dilution 1:200) and phosphorylated c-Jun (p-c-Jun; cat. no. sc-99) were from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA); rabbit anti-GAPDH polyclonal antibody (cat. no. ab9485; dilution 1:2,000) was supplied by Abcam (Cambridge, UK). 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCFDA; D399) was purchased from Molecular Probes (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Cell culture. The HN-3 human LSCC cell line was derived from a 63-year-old male patient with previously untreated LSCC (27) . Cells were cultured in a cell incubator at 37˚C in an atmosphere containing 5% CO 2 in RPMI-1640 medium (Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone; GE Healthcare Life Sciences) and 1% penicillin/streptomycin. The culture medium (RPMI-1640) was replaced every 3 days.
Cell viability assay. An MTT assay was performed to analyze cell viability. Briefly, when HN-3 cell confluence reached 90%, the cells were seeded into 96-well plates at a density of 5x10 3 cells/well and further cultured in a cell incubator overnight at 37˚C. Subsequently, the indicated doses of CBDCA (0-5.0 mg/ml), GSH (5 mM) or H 2 O 2 (0.2 mM) were added to the cells, followed by further incubation in a cell incubator in an atmosphere containing 5% CO 2 at 37˚C for 0, 24 or 48 h. Following this, 50 µl MTT solution (2 mg/ml) was added to the wells and the plates were further incubated for 2 h at 37˚C. Lastly, the Thermo Scientific Varioskan Flash Multimode Reader was used to measure the absorbance at 540 nm. Cell viability was calculated according to the following equation: Cell viability (%)=(mean absorbance in the treatment group/mean absorbance in the control group) x100.
Detection of ROS.
For ROS detection by confocal microscopy as previously described (26), HN-3 cells were cultured on glass-bottom 35-mm dishes. Subsequently, 24 h after treatment with CBDCA, GSH or H 2 O 2 , as aforementioned, the cells were incubated with 2 µM H 2 DCFDA in culture medium at 37˚C for 30 min. Following this, the cells were gently washed twice with Dulbecco's PBS. Images were collected using a 488 nm excitation light from the argon laser, a 560 nm dichroic mirror and a 505-550 nm band pass barrier filter. A total of 3 random fields were selected for imaging and conducting statistical analyses to measure the ROS concentration.
Hoechst 33342 and PI double staining. The HN-3 cells (cell confluence, 80-90%) were seeded into 3.5-cm dishes, and then treated with CBDCA, GSH or H 2 O 2 , as aforementioned. After 24 h at 37˚C, the cells were incubated with Hoechst 33342 (2 µg/ml) for 30 min at 37˚C, following which the old medium was replaced with fresh RPMI-1640 medium. Subsequently, the cells were incubated with PI (2 µg/ml) for 10 min at 37˚C. Finally, the stained cells were observed using a laser scanning confocal microscope (Laser Microdissection Systems Leica LMD6500 and LMD7000; Leica Microsystems GmbH, Wetzlar, Germany) to determine the apoptosis and necrosis levels of HN-3 cells. A total of 3 random fields were selected for imaging and conducting statistical analyses to confirm the relative apoptosis/necrosis rate.
Cell migration assay. In brief, the HN-3 cells were seeded (cell confluence, 80-90%) into 24-well plates and reference points near the wound were marked to ensure the use of the same area for image acquisition on the plates. After a 24 h incubation at 37˚C, confluent monolayers of the HN-3 cells were wounded using a 200 ml pipette tip to create a straight line. Following 2 washes with PBS, indicated doses of CBDCA (0.04 or 0.08 mg/ml), GSH (5 mM) or H 2 O 2 (0.2 mM) were added to the cells, and then the cells were incubated in a cell incubator in an atmosphere containing 5% CO 2 at 37˚C for 36 h. The wound width (initial 1.2 mm) was measured at four redefined locations when the wound was produced and after 12, 24 and 36 h. The distances between the two edges of the wound were measured at the reference points and statistically analyzed.
Western blot analysis. The HN-3 cells were seeded (cell confluence, 80-90%) into 6-cm dishes. Following cells reaching 90% confluence, indicated doses of CBDCA (0.04 or 0.08 mg/ml), GSH (5 mM) or H 2 O 2 (0.2 mM) were added, and then the cells were incubated in an incubator for 24 h at 37˚C. Subsequently, the cells were collected and lysed in radioimmunoprecipitation assay buffer (Sigma-Aldrich; Merck KGaA), and total protein was obtained following centrifugation at 4˚C at 14,000 x g for 30 min. Following the protein concentrations being measured using a BCA kit (Beyotime Institute of Biotechnology, Jiangsu, China), the proteins were separated using 10% SDS-PAGE and then electrophoretically transferred onto polyvinylidene difluoride membranes. Subsequently, the membranes were incubated overnight at 4˚C with 1:1,000 diluted primary antibodies conjugated with horseradish peroxidase (HRP), subsequent to being blocked in 5% non-fat milk in Tris-buffered saline with Tween 20 (0.5%) (TBST) for 1 h at room temperature, washed 3 times with TBST, and then incubated with HRP-conjugated goat anti-rabbit IgG polyclonal secondary antibody (1:2,000; Abcam, Cambridge, UK, ab97051) at room temperature for 2 h. The proteins were visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols. Membranes were scanned with ImageJ (k 1.45; National Institutes of Health, Bethesda, MD, USA) to quantify the band intensity.
Statistical analysis. All of the experiments in the present study were repeated at least three times, and the final results were expressed as the mean ± standard deviation. Significant differences among experimental groups were analyzed by one-way analysis of variance followed by the Least Significant Difference post-hoc test. Statistical analyses were performed using SPSS 11.5 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
CBDCA inhibits the viability of HN-3 cells in a dose-and time-dependent manner.
To determine if CBDCA has antitumor effects in LSCC, an MTT assay was conducted to detect the viability of HN-3 human LSCC cells following treatment with different doses of CBDCA for 0, 24 or 48 h. As depicted in Fig. 1 , the viability of HN-3 cells significantly decreased as the concentration of CBDCA increased from 0-5 mg/ml (P<0.05, excluding a number of cases when the concentration of CBDCA was 0.01 and 0.02 mg/ml). Furthermore, treatment of CBDCA for 48 h resulted in increased inhibitory effects on cell viability, compared with treatment for 24 h. Therefore, CBDCA suppressed the viability of HN-3 cells in dose-and time-dependent manners.
CBDCA promotes the production of ROS and apoptosis of HN-3 cells. Numerous studies have reported that CBDCA exerts antitumor effects in a number of malignant tumor types, including lung, non-small cell lung, cervical and ovarian cancer, by inducing the apoptosis of these cancer cells, which is mediated by the accumulation of ROS (19, (28) (29) (30) (31) (32) . Therefore, whether this molecular mechanism also applies to HN-3 cells was investigated. Firstly, H 2 DCFDA imaging was used to detect the expression level of ROS following treatment with CBDCA for 24 h. The treatment time was selected because as the upstream molecule of the function of CBDCA, the production of ROS occurred relatively early which could be observed distinctly at the time point of 24 h. As depicted in Fig. 2A , it was determined that the intensity of green fluorescence released by HN-3 cells was increased as the concentration of CBDCA increased from 0-0.64 mg/ml, and then declined as the concentration of CBDCA further increased from 0.64-5 mg/ml. This effect was confirmed by statistical analysis (P<0.01 for 0.16, 0.32, 0.64 and 1.25 mg/ml) (Fig. 2B) . Subsequently, Hoechst 33342/PI double staining was performed to evaluate the apoptosis and necrosis levels in HN-3 cells following treatment with CBDCA. Similar to the aforementioned results, the apoptosis of HN-3 cells first increased with CBDCA concentrations ranging from 0-0.64 mg/ml, and then decreased with CBDCA concentrations ranging from 0.64-5 mg/ml, while the necrosis level of HN-3 cells increased during this period ( Fig. 2C and D) . Thus, these data demonstrated that CBDCA promoted the production of ROS and subsequent apoptosis of HN-3 cells in a dose-dependent manner within a certain concentration range.
Combination treatment with GSH inhibits the suppressive effects of CBDCA on HN-3 cell proliferation. To confirm the aforementioned results demonstrating that CBDCA may increase the accumulation of ROS, causing the apoptosis of HN-3 cells, HN-3 cells were treated with CBDCA and GSH or H 2 O 2 for 48 h prior to testing the cell viability with an MTT assay. Additionally, incubation time was selected as it was the most beneficial for observing the change induced by the regulation of ROS production whilst maintaining a ~60% cell viability post-treatment. Furthermore, the application of 0.08 mg/ml CBDCA resulted in the positive and negative regulation of production of ROS by H 2 O 2 and GSH, respectively, thus benefitting the observation of the change in the following experiments. In addition, based on the concentration screening experiments (data not shown), Figure 1 . CBDCA inhibits the cell viability of HN-3 cells in a dose-and time-dependent manner. The human laryngeal squamous carcinoma cell line HN-3 was seeded into 96-well plates. Subsequently, the HN-3 cells in these plates were treated with the indicated doses of CBDCA for 0, 24 or 48 h. Afterwards, the cell viabilities were detected using MTT assays. Cell viability was calculated according to the following equation: Cell viability (%)=(mean absorbance in the treatment group/mean absorbance in the control group) x100. The data were expressed as mean ± standard deviation, Fig. 3 demonstrate that treatment with GSH or H 2 O 2 alone had negligible effects on the viability of HN-3 cells, but the combination treatment of CBDCA with GSH almost completely blocked the inhibitory effects of CBDCA on cell viability compared with the treatment of CBDCA (0.08 mg/ml) alone (P<0.01), whereas the inhibitory effects were significantly promoted by the combination treatment of CBDCA with H 2 O 2 (P<0.01). These data indicated that the ROS levels were increased by the oxidant H 2 O 2 and promoted HN-3 cell apoptosis induced by CBDCA, whereas the deoxidizer GSH had the opposite effects. These results confirmed that CBDCA induces the apoptosis of HN-3 cells by increasing the production of ROS.
Combination treatment of CBDCA with GSH blocks the inhibitory role of CBDCA on the migration of HN-3 cells.
The antitumor effects of CBDCA not only reflected suppression of cancer cell viability, but also their migration ability. Therefore, following combined treatment of HN-3 cells with CBDCA and GSH or H 2 O 2 , their cell migration ability was assessed using a wound-healing assay. Although statistically significant at 24 h treatment, GSH treatment alone could only slightly affect the cell migration ability, whereas treatment of CBDCA or H 2 O 2 (except H 2 O 2 treatment for 12 h) alone significantly inhibited the migration ability compared with the cells without any treatment (Fig. 4A and B) . However, when HN-3 cells were treated with a combination of CBDCA and GSH, the inhibitory effects of CBDCA on cell migration ability were blocked by GSH, whereas the combined treatment of CBDCA and H 2 O 2 promoted migration.
Combination treatment of CBDCA and GSH inhibits the apoptosis induced by CBDCA in HN-3 cells.
Up to this point, the present results indirectly demonstrated that CBDCA caused the apoptosis of HN-3 cells by increasing the release of ROS. Subsequently, the present study aimed to directly verify this phenomenon. Therefore, HN-3 cells treated as aforementioned were collected and lysed to obtain total proteins, which were subsequently analyzed by western blotting. The results demonstrated that, compared with the non-treatment group, CBDCA HN-3 cells. The indicated doses of CBDCA, GSH or H 2 O 2 were added to HN-3 cells and further cultured in a cell incubator at 37˚C in an atmosphere containing 5% CO 2 for 24 h. These cells were collected and lysed to acquire total proteins to inspect the protein expression levels of EGFR, p-c-Jun, PARP and cleaved-caspase-3 using western blotting. GAPDH was used to confirm the equal amount of proteins loaded in each lane. Membranes were scanned with ImageJ to quantify band intensity. The data were expressed as mean ± standard deviation, * P<0.05, ** P<0.01 and *** and H 2 O 2 treatment alone significantly (P<0.05) increased the expression levels of p-c-Jun, caspase-3 and PARP, which represented the degree of apoptosis. Additionally, CBDCA (0.08 mg/ml) treatment inhibited the expression of EGFR which reflects the proliferation ability (P<0.05; Fig. 5 ). The combination treatment of CBDCA and H 2 O 2 exacerbated this trend, compared with CBDCA treatment alone, whereas the combination treatment of CBDCA and GSH impaired this effect (Fig. 5) . These data demonstrated that the combined application of CBDCA and H 2 O 2 enhanced the levels of apoptosis induced by CBDCA in HN-3 cells, whereas GSH blocked these effects. These results support the previous observations that CBDCA increases the production of ROS in HN-3 cells, causing apoptosis.
Discussion
Platinum anticancer agents, including cisplatin and CBDCA, have been frequently used as chemotherapies to treat various cancer types including bladder cancer and malignant melanoma (33) . They enter cells with the assistance of copper transporter 1, and are converted into their corresponding aqua complexes, thereby crosslinking DNA to exhibit antitumor activity (34, 35) . Among these types of agents, CBDCA, a second-generation platinum anti-cancer agent, was developed to overcome the side effects of cisplatin, including nephrotoxicity and neurotoxicity (36) . CBDCA has notable antitumor activity against a variety of cancer types, including ovarian and small-cell lung cancer (31, 32) . Previous studies have demonstrated that the oxidative stress caused by ROS promoted the apoptosis of LSCC cells through a number of functional mechanisms (16, 17, 37) . For example, in 2009 it was reported that the combined treatment of 9-HPbD and CBDCA caused increased cytotoxicity and resulted in apoptosis of a greater number of LSCC cells (17) . Additionally, by reducing their dosage, reduced toxicity was observed in normal cells (17) . In 2010, one study demonstrated that 9-HPbD caused oxidative stress, which resulted in the increased production of ROS and apoptosis of HN-3 cells through the extrinsic apoptotic pathway, and endoplasmic reticulum stress was also involved in this process (16) . In addition, in 2016, a study demonstrated that 9-HPbDα-based photodynamic therapy promoted apoptosis and necrosis, and suppressed cell migration, which was directly mediated by ROS accumulation (37) . In light of these results, the present study focused on understanding the molecular mechanisms involved in the antitumor effects of a number of traditional drugs including CBDCA for the treatment of LSCC, with the goal of determining novel treatment strategies for this disease. In the present study, the aim was to determine if the mechanism underlying HN-3 cell death was high expression of ROS due to CBDCA.
Although CBDCA has been used to treat various malignant tumor types including non-small cell lung cancer and ovarian cancer for ~30 years (20, 21, 24) , only a limited number of studies have been conducted on its use in the treatment of LSCC (17, 26, 38) . To the best of our knowledge, our research group was the first to investigate the antitumor effects and mechanisms of CBDCA in LSCC (17, 26) . Therefore, the present study would be of notable significance for the development of novel LSCC treatments.
In the present study, it was verified that CBDCA may exert antitumor effects in LSCC. The results revealed its anticancer effects against HN-3 cells in a time-and dose-dependent manner. CBDCA exerts its effects through numerous different molecular mechanisms, including apoptosis, necrosis and autophagy may be triggered by different apoptotic signaling pathways. Accordingly, the aim of the present study was also to investigate whether the mechanism of the antitumor effects of CBDCA were similar to those of 9-HPbD. Therefore, the expression level of ROS and the apoptosis/necrosis rate of HN-3 cells were measured following treatment with different concentrations. The results indicated that the ROS concentration in HN-3 cells increased as the concentration of CBDCA increased, but additional increases in CBDCA concentration resulted in the reduced expression of ROS. This trend was also observed for the degree of apoptosis of HN-3 cells. Notably, the optimum concentration for cell apoptosis was identical to that obtained from the detection of ROS concentration. These results indicated that apoptosis induced by CBDCA in HN-3 cells is associated with ROS production.
In a previous study, the induced generation of ROS by treatment with CBDCA was reported and demonstrated to some extent (26) . However, the direct association between CBDCA treatment and generation of ROS has not been established. Therefore, in the present study, CBDCA with GSH, a reductant that inhibits the expression of ROS, or H 2 O 2 , an oxidant that promotes the release of ROS (39, 40) , were combined to treat HN-3 cells and then their viability, migration ability and apoptosis state was assessed. As expected, the results demonstrated that the combined treatment of CBDCA with H 2 O 2 synergistically suppressed the migration ability and viability, and enhanced the apoptosis of HN-3 cells, compared with CBDCA treatment alone, whereas the combined treatment of CBDCA and GSH produced opposite results. These results indicated that CBDCA promotes apoptosis by the excessive production of ROS in human LSCC cells. Notably, one of the limitations of the present study was that all studies were performed based on HN-3 cells. In future studies, the research scope would be extended by additionally utilizing LSCC cell lines, including TU212 and TU686, and including a number of normal control cell lines.
In conclusion, the results of the present study demonstrated that CBDCA exerts promising antitumor effects in LSCC cells, inhibits cell proliferation and migration, and promotes apoptosis through the excessive expression of ROS in LSCC cells. These results may provide a novel therapeutic strategy for the treatment of LSCC.
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